The grasslands conversion to forests is occurring globally and modifying the population dynamics of species. Here, we characterized the population dynamics of Podocarpus lambertii Klotzsch ex Endl. over four years in southern Brazilian forestgrassland mosaics. We asked (i) if the studied P. lambertii population would decrease or increase over time and (ii) what the role of forest patches is in the growth and recruitment of a P. lambertii population. Thus, we studied forest-grassland mosaics, stratified the population into four demographic classes, evaluated the population dynamics, and estimated the correlation between canopy cover and average number of individuals. All individuals of P. Lambertii occurred in forest patches. Density was high but decreased from seedlings to the reproductive stage. The population growth rate was = 1.025, and the recruitment of individuals was high and variable among years. The transition and mortality rates showed a pattern of reduction from seedlings to the reproductive stage. Mortality rate for seedlings and juveniles was low and concentrated at the smaller heights. The correlations between canopy cover and the average number of individuals were positive and significant. The ecological characteristics of this species and specific conditions provided by forest patches allow population growth and species conservation in the southern Brazilian forest-grassland mosaics.
Introduction
The structure of plant populations may be shaped by local biotic and abiotic conditions and can be characterized in terms of age, size, and form of the individuals that comprise it (Hutchings 1997) . Recruitment, mortality, immigrants, and emigrants determine the number of individuals in a population and allow one to make inferences about the population dynamics of plants through time (Hutchings 1997) . Environmental conditions (e.g., availability of soil nutrients, moisture, and light), as well as intra-and interspecific interactions and anthropogenic processes (e.g., logging, livestock management, and fire), are associated with population dynamics, and their effects vary from one cohort to another within a population (Lindström and Kokko 2002) . These factors may determine different recruitment and mortality rates, especially in the younger classes (e.g., seedlings and juveniles), but also fecundity rates for later ontogenetic stages (Payo-Payo et al. 2016) .
Recruitment, mortality, and fecundity rates of plants can be assessed using population matrix models (PMMs). PMMs were introduced with the idea of projecting a structured population size (age-based models) in distinct steps into the future (Lewis 1942 ), but they can also provide a way for calculating population parameters (Leslie 1945) . Lefkovitch (1965) extended the use of PMMs by adding the idea of grouping individuals into classes (stagestructured models). In addition, PMMs allow one to categorize a population into different stages, sizes, or classes, and individuals can move ahead, stay in the same class, grow, reproduce, or regress a stage in each time interval (Lefkovitch 1965; Caswell 2001) . The use of PMMs in population dynamics studies is not recent (see Ogden (1985) and Zuidema and Zagt (2000) ), and it has been applied from different perspectives (Crone et al. 2011 (Crone et al. , 2013 . It is a powerful and useful method for assessing population status and extinction risk and planning management and conservation strategies of plants (Caswell 2001; Crone et al. 2011 Crone et al. , 2013 . Stagestructured PMMs are especially valuable for long-lived species, because population trends of these species (e.g., Araucaria cunninghamii Aiton ex D. Don, Araucaria hunsteinii K.Schum., Araucaria angustifolia (Bertol.) Kuntze, Nothofagus fusca (Hook.f.) Oerst., and Pinus palustris Mill.) are difficult to define throughout their life-span (Zuidema and Zagt 2000; Dillingham et al. 2016 ). In addition, only a few studies have reported PMMs on the genus Podocarpus (Ogden 1985) .
Podocarpus lambertii Klotzsch ex Endl. is a long-lived tree species native to Brazil (Inoue et al. 1984; Carvalho 2004) . It occurs in the forest-grassland mosaic and the Araucaria Forest, two different ecosystems found in the Pampa and Atlantic Rainforest biomes in southern Brazil (Overbeck et al. 2007) . Paleoecological data suggest that until the Late Holocene (ϳ4300 years BP), southern Brazil was almost only grasslands (treeless) owing to climatic conditions (Behling et al. 2004) ; however, during the second period of the Late Holocene (ϳ1100 years BP to present day), the grasslands were partially converted into forest patches and a net of gallery forests as a result of climatic oscillations and a marked expansion of elements of the Araucaria Forest (Behling et al. 2004 (Behling et al. , 2009 ). The process of grassland conversion to forests (e.g., forest-grassland mosaic) has global importance (Scholes and Archer 1997; Halpern et al. 2010; Rice et al. 2012) , with major consequences in community structure and species composition (Scholes and Archer 1997) .
Several extrinsic factors such as climate changes, fire, grazing, and the introduction of livestock (Scholes and Archer 1997; Haugo and Halpern 2007) contributed to grassland conversion to forests; however, they were not always beneficial, depending on intensity and frequency of occurrence (Archer et al. 1988; Scholes and Archer 1997) . Also, forest species differ in life histories and physiological traits and have different abilities to respond to or mediate extrinsic factors Halpern et al. 2010 ). In addition, intrinsic factors (biotic interactions) should be considered, as they can maintain or accelerate grassland conversion to forests (Rice et al. 2012) . Biotic interactions are fundamental to grassland conversion to forests, mainly when climate or other factors inhibit the recruitment and establishment of species .
Southern Brazilian forest-grassland mosaics have been maintained historically by extrinsic factors (Behling et al. 2009 ). Also, recent and accelerated anthropogenic processes (e.g., agricultural expansion and monoculture forest plantation) have modified and reduced the forest-grassland mosaic areas (Overbeck et al. 2007; Behling et al. 2009 ). The remnants of forest patches are extremely important in this scenario, as they harbor a diversity of tree species, some of which can modify their environments (e.g., microhabitat, soil moisture, light, and competitive herbaceous species) favoring initial establishment and growth of other species (see Halpern et al. (2010) and Rice et al. (2012) and references therein), as occurs with Araucaria angustifolia, which is considered a nurse plant (Duarte et al. 2006; Korndörfer et al. 2014) . Moreover, forest patches are responsible for connecting species and maintaining species diversity through gene flow of seeds and pollen (Duarte et al. 2006; Boldrini 2009) .
In this context, the present study aimed to characterize the population dynamics of Podocarpus lambertii over the course of four years in the context of southern Brazilian forest-grassland mosaics. We asked (i) if the studied P. lambertii population would decrease, increase, or remain stable over time and (ii) what the role of forest patches is in the growth and recruitment of P. lambertii population.
Materials and methods

Study species
Podocarpus lambertii naturally occurs in two disjunct areas, one in northern Bahia state (11°32.82=S, 41°9.16=W) and another between Minas Gerais and southern Rio Grande do Sul states (29°27.32=S, 54°26.26=W) (Carvalho 2004) . It is a dioecious species pollinated by bees (Carvalho 2004) and wind (personal observation, 2017). The seeds are dispersed by animals, mainly birds that feed on their fleshy basal receptacles (Kuniyoshi 1983) . Podocarpus lambertii trees may reach up to 27 m in height and 1.2 m in diameter (Carvalho 2004) ; it is a long-lived species, a heliophyte in its early stages of development, but shade-tolerant in later stages (Inoue et al. 1984; Longhi et al. 2010 ). In the understory layer, it occurs in association with A. angustifolia and in small groups with a high density of individuals (Inoue et al. 1984; Longhi et al. 2010) . The species has been recognized as valuable for forest planting, restoration of degraded areas (Reitz et al. 1983) , and ornamental use; however, owing to the negative impact caused by anthropogenic processes in its areas of natural occurrence and intensive timber exploitation in the past, this species is classified as endangered by local (CONSEMA 2014) and international (Farjon 2013) lists of threatened species.
Study area
The study area is located in a forest-grassland mosaic in southern Brazil, in the municipality of Lages, Santa Catarina state, Brazil (Fig. 1) . The area has forest patches dominated mainly by the conifers A. angustifolia and P. lambertii. The average elevation of the study area is 1033 m a.s.l., and the climate is classified as Cfb in the Köppen System (temperate highland climate with dry winters; Kottek et al. 2006) . Araucaria angustifolia is an economically, ecologically, and culturally important tree species of the Araucaria Forest (Reis et al. 2014 , Adan et al. 2016 . This species has ecological characteristics (e.g., dioecious, long-lived pioneer) and a natural area of occurrence similar to that of P. lambertii, and it also benefits from forest patches. Furthermore, it has been widely studied, which, in many cases, accounts for its use in taxonomic comparisons.
In the study area, no evidence points to selective logging of timber species or fire over the last 40 and 20 years, respectively. Currently, cattle grazing and mowing were observed within part of the study area.
Data collection and analysis
A large, square plot (9 ha, 300 × 300 m) was established within the study site to capture an open area with forest patches within it where P. lambertii occurs (see Fig. 1 ). We identified and mapped all individuals of P. lambertii with height ≥0.1 m occurring inside the plot using Cartesian coordinates (x and y, in meters). Life status (survival and mortality), increment (height and diameter at breast height (dbh)), and density were evaluated annually from 2013 to 2016. The population was stratified into four demographic classes: (1) To address the study questions, we estimated the total number of individuals and their densities per hectare, as well as the average height and dbh for each class and their respective increments. For each class, the number of individuals and density were calculated annually; average height and dbh were calculated once using all records throughout the years (2013-2016); and increment was calculated using only individuals surveyed in all four years (2013) (2014) (2015) (2016) , subtracting the first measure (2013) from the last (2016), and dividing the result by the time period (four years). The confidence intervals for current annual increment were constructed using standard error (t test).
We estimated the population growth rate using the Lefkovitch population matrix model (PMM), which assumes that an individual of a determined class can die, remain in the same class, or grow and reproduce at every time interval, with fixed probabilities for each class (Caswell 2001) . Other assumptions of this model are that each class can be biologically justified and differs from the other classes; all individuals behave in the same way within each class (same rates of remaining within the same class (S), transitioning to the next class (G), mortality (D), and fecundity); rates remain constant over time; the population is in a stable stage distribution; and environmental changes over time are disregarded (Caswell 2001) .
The probabilities of S, G, and D were all calculated using observed data and class criteria for each year. From these probabilities, three matrices were parameterized, one for each annual transition between 2013 and 2016 (Supplementary Table S1 1 ). The average of these matrices (three) generated the transition matrix used for the analysis (Fig. 4 ; see Paludo et al. 2016) . Mortality rate (D) was estimated for each class as follows: D = 1 -S -G. Fecundity was estimated based on the number of recruits found in the central plot between 2013 and 2016, divided by the number of RP individuals found inside the same central plot, and multiplied by the probability of remaining in the same RP class for each assessed year (Caswell 2001) .
Population growth rate was estimated using PMM lambda (), considering the average Lefkovitch matrix (three matrices) and based on the dominant eigenvalue of the matrix. We constructed confidence intervals (95% probability) for the estimate () using the percentile method with bootstrap resampling (Caswell 2001) . The percentile method was computed by randomly selecting observed transitions (S, D, or G) through the analyzed years, fixing individual frequency in each class as the average number of individuals in the study period (Maloney 2011) . All analyses were performed using the popbio package (Stubben and Milligan 2007) in R (R Core Team 2015) .
We estimated canopy cover with a spherical crown densitometer, convex model A (Lemmon 1956 ). In each subplot (10 × 10 m), we performed four measurements, one for each point (north, south, east, and west). The sum of these values was multiplied by 1.04 and divided by four (average of the points), representing the canopy cover. The correlation between canopy cover and average number of individuals in the SE, JV, and IM classes during the study period was estimated by Spearman correlation using R software (R Core Team 2015) . All values of canopy cover were transformed by the arcsine function.
1 Supplementary material (Table S1 ) is available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfr-2018-0531. Hueck and Seibert (1981) .
Results
Population structure and dynamics
Within the four-year evaluation period, the P. lambertii population showed a higher number of individuals in SE and JV classes than in IM and RP classes, presenting an inverse J-shaped distribution (Fig. 2) . The total density in each year was 738 individuals·ha −1 (2013), 887 individuals·ha −1 (2014), 958 individuals·ha −1 (2015), and 1013 individuals·ha −1 (2016). The density of individuals increased for SE and JV classes and remained constant for IM and RP classes over the years (Fig. 2) .
The average height of SE, JV, IM, and RP classes was 0.25, 0.82, 4, and 7.6 m, respectively (Figs. 3A, 3B, 3C, 3D) . The current annual increment in height was 0.02 m·year −1 (95% CI, ±0.0004; n = 728) for SE and 0.06 m·year −1 (95% CI, 0.0011; n = 623) for JV. The average dbh was 4.5 cm for IM and 15.4 cm for RP (Figs. 3E, 3F) . The current annual increment in dbh was 0.14 cm·year −1 (95% CI, ±0.0064; n = 362) for IM and 0.22 cm·year −1 (95% CI, ±0.0096; n = 314) for RP.
The average Lefkovitch matrix (Fig. 4) Table S1 1 ). The number of individuals that remained within the same class (S) increased from SE to RP, with 83.7% of individuals from the SE class remaining within the same class, 94% remaining in the JV class, 97.3% remaining in the IM class, and 99.5% remaining in the RP class. The transition to the next successive class (G) and mortality rate (D) presented a pattern of reduction from SE to RP. The mortality rates (D) for classes SE and JV were concentrated in the smaller heights (0.1-0.2 m; Fig. 5B ) and showed values of 9.1% and 2%, respectively. IM and RP classes presented lower D, with values of 2% and 0.5%, respectively.
summarizes the P. lambertii population dynamics (Supplementary
The recruitment of individuals was variable among all years. In the first year (2013-2014), 491 individuals were recorded; in the second year (2014) (2015) , 338 individuals were recorded; and in the third year (2015) (2016) , 370 individuals were recorded. In all recruitment events, most of the individuals were concentrated in the SE class between heights of 0.1-0.2 m (Fig. 5A ). The fecundity rate was 4.007 (RP to SE) and 0.156 (RP to JV). The population growth rate () was 1.025, significantly higher than 1 (95% CI, 1.016 < < 1.066).
The correlations between canopy cover and the average number of individuals present in the SE, JV, and IM classes were positive and significant over the four study years (Fig. 6) .
Discussion
Population growth, recruitment, and mortality
Historically, selective logging of timber species and fire events have occurred in the forest-grassland mosaics, and recently, cattle grazing and mowing have occurred in parts of the study area. Nevertheless, the occurrence of P. lambertii individuals in all classes (by height and dbh) shows that the population does not present a gap of individuals in any class. Indeed, the lambda value was significantly positive ( = 1.025), and all demographic classes increased over time (Fig. 2) , presenting a distribution of individuals similar to an inverse J-shape, the typical pattern of autogenerative populations. Other long-lived species also presented population growth increase ( > 1), e.g., A. cunninghamii, N. fusca, and P. palustris (Zuidema and Zagt 2000) , A. laubenfelsii (Rigg et al. 2010) , and A. muelleri (Enright et al. 2013 ). On the other hand, a population of A. angustifolia studied in an old-growth forest fragment tended towards a very slow decline ( = 0.997, not significantly different from 1) as a result of low recruitment and transition between classes in numbers insufficient to compensate for the high mortality rates (Paludo et al. 2016) .
We found lower density of individuals than Manfredi (2014) , who studied three P. lambertii populations located in southern Brazil in areas with forest-grassland mosaics (Bom Jardim da Serra, 2653 individuals·ha −1 ; Lages, 1737 individuals·ha −1 ; and São José do Cerrito, 3596 individuals·ha −1 ). In particular, Manfredi (2014) used a distinct methodological approach (e.g., sampled area) and evaluated individuals shorter than 0.1 m in height, influencing the density of individuals. Nevertheless, our density of individuals was higher than reported for the same species in remnants of the Araucaria Forest. The species was found in forest remnants in the advanced stage of succession and at elevations up to 1200 m (5.29 individuals·ha −1 ; n = 14 sample plots), in the medium successional stage and at elevations up to 1200 m (6.42 individuals·ha −1 ; n = 7), at an elevation above 1200 m (15.95 individuals·ha −1 ; n = 4), and overall in a Mixed Ombrophilous Forest (MOF; 7.3 individuals·ha −1 ; n = 402) (Meyer et al. 2012 ). In addition, we found higher density of individuals than that observed for P. drouyniaunus (Chalwell and Ladd 2005) , P. totara (Miller and Wells 2003) , and A. angustifolia (Paludo et al. 2016 , Paludo et al. 2011 .
One factor that influences the number of individuals and recruitment is seed production over the years. Seed production, consumption, and dispersal are poorly understood in P. lambertii. Regeneration and recruitment in a population can be limited when seeds are consumed by humans (Reis et al. 2014; Adan et al. 2016 ) and (or) wild animals (Vieira and Iob 2009) or when a species presents variation in seed production (Mantovani et al. 2004) , as occurs in A. angustifolia. However, in our study, regeneration and recruitment do not seem to be limited as no evidence points to human consumption of the fleshy basal receptacles, despite being edible, and seed production can be considered high, as indirectly determined through annual recruitment. In addition, P. lambertii has high annual survival rates in all classes, even for the SE class (SE = 0.909), which would normally exhibit low survival rates (<45%) compared with adult individuals (Paludo et al. 2016; Moustakas and Evans 2015; Rigg et al. 2010) .
Other factors may influence mortality rate. In our study, D was low, decreasing from SE to RP, and it was concentrated in the smallest height class (0.1-0.2 m), suggesting that this could be a critical point for species survival. Manfredi (2014) found mortality rate for a P. lambertii population to be 23.66% and attributed it to soil compaction resistance owing to the presence of livestock. Cattle grazing did occur in our study site, but mostly in open areas; therefore, other factors could be at play in this context. Herbivory can be directly related to an individual's mortality. During the four study years, SE individuals were found without leaves and apical buds, with clear signs of consumption by cater- pillars. Caterpillars such as Epithecia spp. and Cyclophora annularis (Felder & Rogenhofer, 1875) are known to feed on P. lambertii leaves, causing foliar losses up to 20% in adult individuals (Costa and Boscardin 2014) . Paludo et al. (2011) also suggested that herbivory could play a role in the mortality of A. angustifolia seedlings because of recent removal or absence of cotyledons and apical buds.
We found SE individuals to be completely defoliated and RP individuals presenting necrosis and dry branches, possibly from the presence of fungi. Neto (1979) reported that the fungus Corynelia brasiliensis Fitzp. could infect seedlings and adults of P. lambertii, causing necrosis, apical death, and premature loss of apical bud.
Pathogenic and saprophytic fungi such as the genera Pestalotia spp., Penicillum spp., Phomopsis spp., Mucor spp., and Trichoderma spp. may cause nonviability and diseases in seeds and seedlings of P. lambertii (Garcia 2003) . Finally, in lower frequency than herbivory and presence of fungi, we found dead SE individuals under the dry leaves of A. angustifolia. Almost 60% of dry leaves found in the MOF are from A. angustifolia, and leaf fall can kill seedlings of A. angustifolia and other species (Backes et al. 2005) . It should be noted that other factor such as excessive moisture and inter-and intra-specific competition may also cause mortality and should be studied. 
Importance of forest patches to P. lambertii
The conversion of grasslands to forests has global relevance, is highly variable, and does not have a well-described pattern . This theme has been studied from different perspectives in which most of the studies have sought explanations for grasslands conversion to forests in extrinsic factors, e.g., overgrazing, livestock, fire presence, and climatic changes (Scholes and Archer 1997; Haugo and Halpern 2007; Haugo and Halpern 2010) ; however, biotic interactions can maintain and enhance grassland conversion and may play a role in population dynamics of species Rice et al. 2012 ) such as the presence of forest patches. Our findings revealed that all individuals of the species were found under forest patches, suggesting that they provided adequate conditions (e.g., moisture, light, reduced herbaceous competition, nutrients, microclimate) for the species recruitment, germination, establishment, and growth.
A marked characteristic of southern Brazilian forest patches is the dominant presence of A. angustifolia, as found in our study site. Araucaria angustifolia is a foundation species that ameliorates the microenvironmental conditions facilitating the initial establishment and growth of forests under its canopy (Duarte et al. 2006) . Podocarpus lambertii occurs in the understory layer, generally associated with A. angustifolia, and possibly benefits from these conditions. In addition, P. lambertii is preferentially bird-dispersed (Kuniyoshi 1983 ) and may be favored by the perching effect that forest patches provide (Duarte et al. 2006; Korndörfer et al. 2014) . Several Podocarpus species are bird-dispersed (see Turner and Cernusak (2011) and references therein), and the benefits of the perching effect for conifer species was already mentioned in a seed rain study (Santos et al. 2011) .
Other abiotic conditions influenced by forest patches are soil characteristics such as moisture, nutrients, and organic matter. Soil moisture can increase the probability of P. lambertii occurrence (Longhi et al. 2010 ) and was a determinant in mortality, recruitment, and survival of seedlings (Manfredi 2014) . Moreover, soil moisture can accelerate and standardize the seed germination process. Podocarpus lambertii has orthodox seeds, which remain viable after dehydration (Garcia and Nogueira 2008) ; however, orthodox seeds lose tolerance to desiccation in the early stages, but when rehydrated, they maintain their physiological functions influencing the germination process (Guimarães et al. 2011) . In addition to altering soil moisture and structure, forest patches normally enhance soil nutrients (C, N, P, and cations; Scholes and Archer 1997) . Nurse plants such as A. angustifolia can improve soil chemical conditions and may act as nutrient pumps, favoring the occurrence of seedlings under its canopy (Scholes and Archer 1997; Korndörfer et al. 2014) . Still related to soil characteristics, Manfredi (2014) observed higher recruitment and survival of P. lambertii individuals on steep slopes (≥7.8%), in deep soils (>0.24 m), and in soils with less than 6.6% of organic matter.
Light availability is another abiotic condition influenced by forest patches. Previous studies revealed that P. lambertii is shadetolerant, based on growth and frequency of individuals on dense understory (e.g., under forest patches), a lower ratio of chlorophyll a to chlorophyll b, and greater leaf mass per area (Longhi et al. 2010; Fagundes 2010) . Our results corroborate this aspect, at least in the initial life cycle stages, as all individuals of the species occurred under the forest patches with a positive correlation between canopy cover and average number of individuals in each class (SE, JV, and IM). In addition, light availability through the canopy of adults of A. angustifolia may improve the establishment of seedlings (limiting photoinhibition), without limiting the light availability for seedling growth (Korndörfer et al. 2014 ). Thus, it is possible that seedlings and juveniles of P. lambertii have physiological and morphological adaptations that can allow better light absorption and resource maintenance. Several species of Podocarpus have distinct behavior to light availability, which directly influences the recruitment, establishment, and growth of species (Turner and Cernusak 2011) . Thus, for P. lambertii, a better comprehension of light availability in different environments is necessary, as it is directly related to population dynamics of the species.
Conclusion
In the context of forest-grassland mosaics, the Podocarpus lambertii population demonstrated growth over time, recruitment was high, mortality rate was low, and all individuals occurred under forest patches. The species can be considered shade-tolerant, at least in the initial life cycle stages, and characteristic of forest patches inside grasslands from the absence of individuals in open areas. Forest patches are extremely important to P. lambertii for promoting specific conditions, in particular, those related to light, that favor the population dynamics of the species. The ecological characteristics of this species and specific conditions provided by forest patches allow the population to continuously grow in sufficient numbers to compensate for the observed mortality rate. It is worth mentioning, however, that P. lambertii is a longlived species, and the influences of the microenvironment, soils characteristics, and abiotic interactions need to be studied, as they are vital for a better understanding of the population dynamics of this species.
